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Specification of Thermosensory Neuron Fate
in C. elegans Requires ttx-1,
a Homolog of otd/Otx
actively seek this temperature when presented with a
thermal gradient but will avoid this temperature if it is
associated with an absence of food (Hedgecock and
Russell, 1975; Mori, 1999). Integration of food and ther-
mal cues may be mediated by calcium signaling (Gomez
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Japan In C. elegans, the thermosensory circuit for responses
to the 15C–25C temperature range has been well char-
acterized (Mori and Ohshima, 1995) (see Figure 4C). The
AFD sensory neurons and their major postsynaptic part-Summary
ners, the AIY interneurons, specify the thermophilic
components of the circuit, driving movement to higherTemperature is a critical modulator of animal metabo-
lism and behavior, yet the mechanisms underlying the temperatures in a thermal gradient (Mori and Ohshima,
1995; Mori, 1999). This movement is counterbalanceddevelopment and function of thermosensory neurons
are poorly understood. C. elegans senses temperature by the AIZ interneurons and an unidentified sensory
neuron(s), which drive cryophilic movement (Mori andusing the AFD thermosensory neurons. Mutations in
the gene ttx-1 affect AFD neuron function. Here, we Ohshima, 1995). Crosstalk between these two opposing
circuits results in movement to the cultivation temper-show that ttx-1 regulates all differentiated characteris-
tics of the AFD neurons. ttx-1 mutants are defective in ature.
Genetic and behavioral screens to date have resulteda thermotactic behavior and exhibit deregulated ther-
mosensory inputs into a neuroendocrine signaling path- in the identification of a small number of molecules re-
quired for the thermosensory functions of the AFD neu-way. ttx-1 encodes a member of the conserved OTD/
OTX homeodomain protein family and is expressed in ron type. Thermosensory signal transduction requires
the function of a cyclic nucleotide-gated channel en-the AFD neurons. Misexpression of ttx-1 converts
other sensory neurons to an AFD-like fate. Our results coded by the tax-2 and tax-4 genes (Coburn and Barg-
mann, 1996; Komatsu et al., 1996). In addition, the ceh-extend a previously noted conservation of develop-
mental mechanisms between the thermosensory cir- 14 LIM homeobox gene has been shown to be required
for the correct function of the AFD neurons (Cassata etcuit in C. elegans and the vertebrate photosensory
circuit, suggesting an evolutionary link between ther- al., 2000). Additional genes required for the development
and/or function of the AFD neurons remain to be iden-mosensation and phototransduction.
tified.
The OTD/OTX subclass of homeodomain proteins isIntroduction
found across species and has been implicated in pat-
terning anterior neural regions and development of sen-Environmental temperature modulates many aspects of
physiology, development, and behavior of animals. In sory structures (Hirth and Reichert, 1999; Klein and Li,
1999; Acampora et al., 2000). In Drosophila, orthoden-mammals, temperature is sensed by different classes
of sensory neurons, each of which responds within a ticle (otd) gene function is required for development
distinct thermal range (Hensel, 1973; Spray, 1986; Iggo, of anterior structures of the embryonic brain, cell fate
1990; Reichling and Levine, 2000). Nociceptive thermal determination in the ventral midline, and development
stimuli are transduced via the VR1 and VRL-1 vanilloid of visual structures (Finkelstein and Perrimon, 1990;
receptor genes encoding nonselective cation channels Hirth et al., 1995; Royet and Finkelstein, 1995; Vanden-
(Caterina et al., 1997, 1999). However, the molecules dries et al., 1996; Younossi-Hartenstein et al., 1997). In
required for thermosensation in other sensory neurons vertebrates, the Otx1 and Otx2 genes are expressed
are largely unknown. Thermal sensory inputs are inte- sequentially in overlapping domains and play critical
grated in the preoptic region of the hypothalamus to roles in the patterning of anterior brain structures and
alter behavior and development by poorly understood sensory organs, such as the eye and ear (Simeone et
mechanisms. al., 1992, 1993; Matsuo et al., 1995; Acampora et al.,
Behavior and development of the nematode C. ele- 1995, 1996, 2000; Morsli et al., 1999; Weimann et al.,
gans are also modulated by temperature. Worms grown 1999). Another member of the Otx family in vertebrates,
in the presence of food at a particular temperature will Crx, has been shown to be required specifically for the
development of photoreceptors (Furukawa et al., 1997,
1999). Thus, most, if not all, members of this family3 Correspondence: sengupta@brandeis.edu
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Figure 1. Mutations in ttx-1 Affect Gene Ex-
pression and Morphology of the AFD Ther-
mosensory Neurons
(A and B) Expression of a stably integrated
gcy-8::GFP fusion gene in wild-type (A) and
in ttx-1(p767) mutant adult animals (B). Arrow
points to the AFD cell body. Images were ac-
quired using identical exposure times.
(C and D) Confocal images of the sensory
endings of the AFD neurons in wild-type (C)
and in ttx-1(p767) mutants (D). Microvillar
“fingers” (C) and elongated cilium (D) are
marked with arrows.
Lateral view and anterior at left in all images.
Scale bars: 10 m.
have been implicated in the development of sensory that oy26 and oy29 are allelic to the previously described
structures. ttx-1(p767) mutation (Hedgecock and Russell, 1975). As
Here we describe the cloning and characterization expected, we found that expression of gcy-8 is de-
of the gene ttx-1. ttx-1 encodes the first characterized creased in ttx-1(p767) mutants (Figure 1B and Table 1).
homolog of OTD/OTX in C. elegans. Similar to the func- On the basis of both the severity of the gene expression
tions of otd/Otx genes in other organisms, ttx-1 is neces- defect and behavioral defects (see below), p767 appears
sary and partly sufficient for the development of a sen- to be the strongest allele. In all three ttx-1 mutants, we
sory cell type, the AFD thermosensory neurons. We found that gcy-8::GFP expression was largely unaf-
show that ttx-1 mutations also deregulate thermosen- fected in young (L1) larvae (data not shown), suggesting
sory inputs into the dauer-regulatory neuroendocrine that ttx-1 is required for maintenance but not for initiation
pathway. In addition, as initially proposed by Svendsen of AFD-specific gene expression.
and McGhee (1995), we note an intriguing conservation To determine the extent to which mutations in ttx-1
of developmental regulatory mechanisms between the affect gene expression in the AFD neurons, we examined
thermosensory circuit of C. elegans and the visual circuit the expression of additional genes, including the nhr-38
in vertebrates, suggesting an evolutionary link between nuclear hormone receptor gene, which is expressed ex-
thermosensation and phototransduction. clusively in the AFD neurons (Miyabayashi et al., 1999),
and the ceh-14 LIM homeobox and tax-2 cyclic nucleo-
Results tide-gated channel genes, which are expressed in AFD
as well as in several additional neuron types (Coburn and
TTX-1 Regulates Gene Expression in the AFD Bargmann, 1996; Cassata et al., 2000). In ttx-1 mutants,
Thermosensory Neurons expression of all three genes was decreased only in the
To identify genes required for the development and dif- AFD neurons (Table 2). Thus, TTX-1 regulates expres-
ferentiation of the AFD neurons, we carried out screens sion of most, if not all, genes required for the differenti-
for mutants with altered expression of AFD-specific ated functions of the AFD neurons.
genes. The promoter of the receptor guanylyl cyclase
gene gcy-8 drives expression of the reporter GFP exclu-
sively in the bilateral AFD neurons (Yu et al., 1997) (Figure The Morphology of the AFD Sensory Endings
1A). We isolated two mutants, oy26 and oy29, in which Is Defective in ttx-1 Mutants
expression of a stably integrated gcy-8::GFP transgene Most sensory neurons in C. elegans can be distinguished
was severely reduced in adult animals (Table 1). Subse- on the basis of their distinctive specialized ciliary end-
quent mapping and complementation analyses showed ings (Ward et al., 1975; Perkins et al., 1986). The sensory
endings of the AFD neurons are especially elaborate,
consisting of a single shortened cilium and numerous
Table 1. Mutations in ttx-1 Affect Expression of gcy-8::GFP in the microvillar “fingers” (Figure 1C). Previous electron mi-
AFD Thermosensory Neurons crograph reconstructions of the sensory endings of ttx-1
Strain % Mutanta n mutants showed that the sensory endings are defective
(Perkins et al., 1986). We confirmed this by examiningoyIs17 or oyIs18 b 0 250
the sensory endings of ttx-1 mutants using confocalttx-1(p767);oyIs18 99 562
ttx-1(oy26) oyIs17 61 244 microscopy. We found that, consistent with previous
ttx-1(oy29) oyIs17 96 519 reports, in most animals examined, the sensory endings
of the AFD neurons were grossly abnormal, with com-a Mutant is defined as reduced expression in adult animals, as com-
pared with that of oyIs17 or oyIs18 adults at 25C. plete loss of the finger-like projections and extension
b oyIs17 and oyIs18 contain stably integrated gcy-8::GFP fusion of the cilia (Figure 1D). This defect was evident even in
genes on LG V and LG X, respectively (see Experimental Proce- young larvae, indicating that TTX-1 function may be
dures). Expression levels of gcy-8::GFP in these strains are equiv-
required throughout development for correct morpho-alent.
genesis of the AFD sensory endings.
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2C). Sequencing of all the exons, as well as partial se-Table 2. Expression of AFD-Specific Markers Is Affected in
quencing of the introns and promoter sequences, failedttx-1(p767) Mutants
to define the lesion in the oy29 allele. The p767 alleleNeuron
causes a G-to-A transition at the 5 splice donor site ofStrain Type % Mutanta n
the second intron (Figure 2B). This mutation is predicted
nhr-38::GFP AFD 0 252 to affect all splice variants.
nhr-38::GFP; ttx-1(p767) 100 221
To determine the effect of the p767 mutation, we am-ceh-14::GFP; rol-9(sc148) AFD 2 180
plified the ttx-1 message from ttx-1(p767) mutants usingceh-14::GFP; ttx-1(p767) rol-9(sc148) 96 390
RT-PCR, subcloned the amplified fragment(s), and se-tax-2::GFPb AFD 14 119
tax-2::GFP; ttx-1(p767) 61 117 quenced four independent subclones (see Experimental
ttx-3::GFP AIY 0 180 Procedures). We detected altered splicing events in two
ttx-3::GFP; ttx-1(p767) 0 191 subclones, which are predicted to result in frameshifts
rol-9(sc148); str-1::GFP AWB 0 125
in the translation products, resulting in premature termi-ttx-1(p767) rol-9(sc148); str-1::GFP 0 150
nation prior to the homeodomain. However, exons 2 andEx[ttx-1Exon-1::GFP]; ttx-1 rol-9/ AFD 4 66
3 were correctly spliced in two additional subclonesor /c
Ex[ttx-1Exon-1::GFP]; ttx-1 rol-9 90 41 sequenced. These results suggest that the p767 muta-
tion causes altered splicing in some but not all tran-a Mutant is defined as reduced or absent expression levels as com-
scribed messages. Thus, ttx-1(p767) is likely not a mo-pared with wildtype. Expression was examined at 25C in adult
lecular null. In Drosophila and vertebrates, differentanimals in all cases.
b This tax-2::GFP fusion gene drives GFP expression in the AFD, critical thresholds of OTD/OTX proteins are required for
AWC, ASE, ASI, BAG, and AQR neurons in the head. The AFD neu- correct brain morphogenesis and development of spe-
rons could not be reliably identified on the basis of cell body position cific head subdomains (Royet and Finkelstein, 1995;
in adult animals. Thus, mutant is defined as animals expressing GFP
Acampora et al., 1997; Suda et al., 1997). Because ourin fewer than five neurons (excluding AQR) on at least one side in
results indicate that ttx-1(p767) severely affects AFDthe head.
differentiation, it is possible that levels of wild-typec An extrachromosomal array containing ttx-1Exon-1::GFP, which ex-
presses specifically in the AFD neurons, was crossed into ttx-1(p767) TTX-1 protein present in ttx-1(p767) mutants are insuffi-
rol-9(sc148) animals. Segregating animals containing the array were cient to direct correct AFD development. Further reduc-
scored for rol-9 and for expression of ttx-1Exon-1::GFP. tion in TTX-1 levels by placing the ttx-1(p767) mutation
Except as indicated, the expression of stably integrated marker::GFP in trans to a deficiency (ozDf2) did not result in an in-
fusion genes was examined in all cases.
creased penetrance in the loss of expression phenotype
of the tax-2::GFP marker in the AFD neurons compared
with ttx-1(p767) homozygotes (data not shown).
The homeodomains of the OTX subclass of paired-ttx-1 Encodes a Homolog of the OTD/OTX Family
type homeodomain proteins are highly conserved acrossof Homeodomain Proteins
phyla. The homeodomain of Drosophila OTD differs fromWe mapped ttx-1 to a small interval on LG V using three-
vertebrate OTX1 by only three residues, and these two
factor mapping crosses, mapping with respect to defi-
proteins can in part functionally substitute for each other
ciencies, and single nucleotide polymorphisms (see Ex-
(Acampora et al., 1998; Leuzinger et al., 1998; Nagao et
perimental Procedures) (Figure 2A). A 14 kb genomic al., 1998). The homeodomain of TTX-1 is highly homolo-
fragment from this interval fully rescued the ttx-1 gene gous to that of OTX1, with 80% identity to mouse and
expression defect and partially rescued the thermotaxis human OTX1 and Drosophila OTD and 76% identity to
behavioral phenotype (data not shown and Figure 4B; mouse and human CRX (Figure 2C). TTX-1 also contains
see below). This fragment is predicted to contain a single a lysine at position 9 of the recognition helix of the
open reading frame (Y113G7A.6) encoding an OTD/OTX- homeodomain, a distinctive feature of this subclass
like homeodomain protein of 391 residues. (Galliot et al., 1999) (Figure 2C). TTX-1 is also predicted
The ttx-1 locus is predicted to contain nine exons to contain a variation of the OTX tail sequence, a 12
(Figure 2B). Analyses of ESTs (gift from Yuji Kohara) as amino acid peptide present at the extreme C terminus
well as RT-PCR experiments showed the presence of of CRX, OTX1, and OTX2 but not Drosophila OTD
at least two alternatively spliced messages, which differ (Freund et al., 1997; Furukawa et al., 1997). Sequences
from each other in the presence or absence of the fourth other than those encoding the homeodomain of TTX-1
exon (see Experimental Procedures). To determine which, show no significant similarities to other proteins. The C.
if any, of these alternatively spliced messages functions elegans genome is predicted to contain two additional
in AFD, we generated a “minigene” by fusing 3 kb of homeodomain proteins (CEH-36 and CEH-37) closely
upstream promoter sequences of ttx-1 to a cDNA that related to the OTX subfamily (Ruvkun and Hobert, 1998;
lacks the fourth exon. This minigene rescued the gcy- Galliot et al., 1999) (Figure 2C). However, on the basis of
8::GFP gene expression defect of ttx-1 mutants (data phylogenetic analysis (see http://www.sciencemag.org/
not shown), indicating that this cDNA contains most, if feature/data/985556s2.gif; Y102G3) (Ruvkun and Hobert,
not all, sequences required for TTX-1 function in the 1998) and sequence conservation in the homeodomain,
AFD neurons. Rescue was abolished upon disruption of ttx-1 appears to encode the C. elegans Otx ortholog.
this coding sequence by a frameshift mutation.
We determined the nature of the lesions in the ttx-1 ttx-1 Is Expressed in the AFD Thermosensory
alleles. The oy26 mutation results in a missense mutation Neurons and Autoregulates Expression
that changes a highly conserved Ala residue in helix 2 To determine the expression pattern of ttx-1, we gener-
ated a full-length, GFP-tagged ttx-1 fusion gene con-of the predicted homeodomain to Val (Figures 2B and
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Figure 2. ttx-1 Encodes a Homolog of OTX/
OTD
(A) Genetic map position of ttx-1. ttx-1 corre-
sponds to the ORF Y113G7A.6 (GenBank ac-
cession number AL132858). oyP46-oyP51
denote identified SNPs between the Bristol
N2 strain and the CB4856 strain. The position
of the SNPs relative to the ttx-1, rol-9, and
unc-51 markers are shown; these have not
been mapped precisely with respect to the
genetic map.
(B) Genomic structure of ttx-1. The exon/in-
tron structure of ttx-1 was deduced from se-
quencing of cDNAs (see Experimental Proce-
dures). Exons encoding the predicted
homeodomain are hatched. The positions of
the p767 splice site mutation and the oy26
missense mutation are marked.
(C) Alignment of the homeodomains of TTX-
1 with the homeodomains of mouse OTX1
and OTX2 (GenBank accession numbers
S35345 and S35346), Drosophila OTD (Gen-
Bank accession number A35912), C. elegans
CEH-36 and CEH-37 (GenBank accession
numbers Q93352 and Q93356), and mouse
CRX (GenBank accession number O54751).
Dots indicate residues identical to TTX-1. The
positions of the helices are overlined. The Ala
residue mutated to Val in ttx-1(oy26) is in bold
and boxed. The invariant Lys at position 9 of
helix 3 is shaded.
taining 3 kb of promoter sequences and all predicted To delineate the sequences required for expression in
the AFD and marginal cells, we generated two additionalexons and introns of ttx-1 (Figure 3A). This fusion gene
partially rescued the gcy-8::GFP gene expression defect fusion genes. In the first, the same promoter sequences
as present in the full-length fusion gene and part of exonand the thermotaxis behavioral defect of ttx-1 mutants
(data not shown and Figure 4B; see below). Transgenic 1 were fused in frame to GFP (ttx-1Exon1::GFP; Figure
3B). This construct drives GFP expression exclusivelyanimals carrying this fusion gene expressed GFP in the
bilateral AFD neurons as well as in the nine pharyngeal in the AFD neurons (Figure 3B). Expression of ttx-1 was
first observed well after the time when the AFD neuronsmarginal cells (Figure 3A). The TTX-1-GFP-tagged pro-
tein is localized to the nuclei of all cells. were born (Sulston et al., 1983) and was maintained
throughout development, consistent with the proposedMarginal cells are structural cells of the pharynx with
unknown functions (White, 1988). ttx-1(p767) mutants role of TTX-1 in maintenance of AFD fate. In the second,
GFP was fused in frame to exon 4 (ttx-1Exon4::GFP).do not exhibit gross abnormalities in the development
or function of the pharynx. Because ttx-1(p767) is likely Transgenic animals carrying this fusion gene showed
GFP expression in both the AFD as well as in the mar-not a molecular null mutation, it is possible that defects
in marginal cell fate or function are not evident in this ginal cells, although expression was no longer restricted
to the nucleus (data not shown). This suggests that ttx-1allele. To investigate this possibility, we performed RNA
interference experiments (Fire et al., 1998). Wild-type promoter sequences drive expression solely in the AFD
neurons, whereas sequences in the introns promote ad-animals were injected with double-stranded ttx-1 RNA,
and progeny were examined for abnormalities. However, ditional expression in the marginal cells.
Positive autoregulation of expression provides a sim-no ttx-1(RNAi) animals showed any morphological or
behavioral defects consistent with a defect in the func- ple mechanism by which gene expression is maintained.
To investigate whether TTX-1 regulates its own expres-tion of the pharynx (n1000 progeny; 10 independent
injected animals; see Experimental Procedures). Thus, sion, we examined expression of the ttx-1Exon1::GFP
fusion gene in ttx-1(p767) mutants. As shown in Tablethe role of ttx-1, if any, in the development or function
of the marginal cells is unclear. 2, GFP expression in the AFD neurons was dramatically
ttx-1 Specifies Thermosensory Neuron Fate
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cue of gcy-8 expression was examined. Approximately
4%–8% of transgenic animals expressing Otx1 showed
rescue of the gcy-8 gene expression defect at 25C
(three independent lines; n  95 for each line), whereas
1% of nontransgenic animals showed rescue (n 
200). No rescue was observed upon expression of Crx.
Thus, vertebrate Otx1 can only partly and weakly substi-
tute for ttx-1 function in C. elegans.
In ttx-1 Mutants, the AFD Neurons Express Partial
AWC-like Characteristics
We and others have previously shown that the AWA,
AWB, and ASG chemosensory neurons in C. elegans
share a common AWC olfactory neuron-like develop-
mental default fate (Sagasti et al., 1999; Sarafi-Reinach
and Sengupta, 2000; Sarafi-Reinach et al., 2001). Ex-
pression of specific transcription factors represses this
default fate and promotes the expression of cell type-
specific characteristics. We investigated whether the
AFD neurons adopt an AWC-like fate in ttx-1 mutants.
As shown in Table 3, we found that the AWC-specific
marker str-2::GFP (Troemel et al., 1999) is expressed
ectopically in AFD in62% of ttx-1 mutant animals. This
phenotype was not further enhanced in a ttx-1(p767);
ceh-14(ch3) double mutant (data not shown). We also
examined the expression of additional AWC markers,
including tax-2 (Coburn and Bargmann, 1996) and the
G subunit gene odr-3 (Roayaie et al., 1998). In ttx-1
mutants, we detected odr-3 expression in the AFD neu-
rons in 9% of animals examined (Table 3). tax-2 is
expressed both in the AFD and AWC neurons in wild-
type animals (Coburn and Bargmann, 1996). Interest-
ingly, even though the AFD neurons adopt partial AWC
fate in ttx-1 mutants, expression of tax-2 in the AFD
neurons is not maintained (Table 2). Taken together with
the finding that the sensory endings of the AFD neurons
in ttx-1 mutants do not resemble those of the AWC
neurons, these results indicate that mutations in ttx-1
result in partial adoption of the AWC fate by the AFD
neurons.
ttx-1 Mutants Show Defects in Thermotaxis Behavior
Figure 3. ttx-1 Is Expressed in the AFD Thermosensory Neurons
Animals in which both AFD neurons have been killed
(A) Expression of a GFP-tagged full-length ttx-1 fusion gene. Shown
using a laser beam show cryophilic or athermotacticis a schematic of the ttx-1::GFP fusion gene, which includes all
thermotaxis behavior when placed on a thermal gradientpredicted exons and introns of ttx-1. GFP is fused in frame to the last
(Mori and Ohshima, 1995). ttx-1(p767) animals haveexon. Closed exons represent exons encoding the homeodomain.
Arrows point to the nuclei of the two AFD neurons (top down view). been previously shown to exhibit thermotaxis defects
This fusion gene is also expressed in pharyngeal marginal cells. (Hedgecock and Russell, 1975; Mori and Ohshima,
(B) Expression of a ttx-1 promoter::GFP fusion gene. This fusion 1995). Because we have shown that ttx-1 mutations
gene contains GFP fused in frame to the first exon of ttx-1. Arrow
result in severe defects in the differentiation of the AFDpoints to the cell body of the AFD neuron (lateral view). Note lack
neurons, we further investigated the thermotaxis behav-of expression in the pharynx.
iors of ttx-1 mutants.Anterior is at left in all images. Scale bar: 10 m.
Single, well-fed animals grown at 20C were placed
on a thermal gradient ranging from 17C–25C. The be-
haviors of animals on this gradient were scored as wildreduced, indicating that TTX-1 autoregulates to maintain
expression in the AFD neurons. type (moving to 20C), cryophilic (moving to tempera-
tures 20C), thermophilic (moving to temperatures
20C), or athermotactic (moving randomly on the gradi-Otx1, but Not Crx, Partly Rescues the Gene
Expression Defects of ttx-1 ent) (Mori and Ohshima, 1995) (Figure 4A). Animals were
also scored for isothermal tracking, where they move inWe investigated whether rat Otx1 or mouse Crx could
functionally substitute for ttx-1. Otx1 and Crx cDNAs driven concentric circles at a given temperature (Mori and Oh-
shima, 1995). As shown in Figure 4B, ttx-1 mutants wereby the ttx-1 promoter were injected into ttx-1(p767) mu-
tants carrying integrated copies of gcy-8::GFP, and res- strongly cryophilic. Approximately 83% of ttx-1(p767)
Neuron
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Figure 4. Thermosensory Behaviors of ttx-1 Single and Double Mutants
(A) Movement exhibited by wild-type and mutant animals on a radial thermal gradient ranging from 17C (center) to 25C (outer perimeter).
Animals were raised in the presence of food at 20C. Movement to 25C is scored as thermophilic (T); movement to 17C is scored as cryophilic
(C); movement across the thermal gradient (17C/25C) is scored as athermotactic (A). Movement at 20C was scored for isothermal tracking
behavior (IT) or nonisothermal tracking (NIT). Wild-type animals show isothermal tracking behavior at 20C.
(B) Thermosensory behaviors of ttx-1 mutants. All animals were raised in the presence of food at 20C. The percentage of adult animals of a
given genotype showing different thermosensory behaviors is shown. For strains carrying extrachromosomal arrays, the behaviors of individual
transgenic animals from a total of three lines each were examined. Individual lines showed similar overall behaviors. Ex(ttx-1 genomic)
extrachromosomal arrays contain a 14 kb genomic fragment that rescues the ttx-1(p767) gene expression defects. Ex(ttx-1::GFPtag) extrachro-
mosomal arrays also contain the ttx-1-rescuing genomic fragment, with GFP coding sequences inserted prior to the STOP codon. Numbers
shown are from three to eight independent assays.
(C) The thermosensory circuit (Mori and Ohshima, 1995). Temperature inputs are sensed by the AFD and unidentified sensory neuron(s).
Thermal and chemosensory information is integrated by the AIY and AIZ interneurons. The AFD-AIY arm of the circuit mediates movement
to higher temperatures (T), whereas the AIZ arm mediates movement to lower temperatures (C). Mutations in ttx-1 and ceh-14 affect the
thermosensory functions of the AFD neurons, while mutations in ttx-3 and lin-11 affect the thermoregulatory functions of the AIY and AIZ
neurons, respectively. See text for additional details.
(D) Thermosensory behaviors of double-mutant animals. All animals were raised at 20C in the presence of food. Shown is the percentage of
animals of indicated genotypes exhibiting different thermosensory behaviors. Numbers shown are from two to eight independent assays.
and 63% of ttx-1(oy26) mutants showed a cryophilic thermotaxis behavior of ttx-1; ceh-14 double-mutant an-
imals was indistinguishable from that of ttx-1(p767) sin-phenotype, whereas fewer ttx-1(oy29) mutants exhibited
this behavior. Moreover, ttx-1(p767) mutants rarely ex- gle mutants, further confirming that TTX-1 regulates the
expression of ceh-14 as well as additional genes re-hibited isothermal tracking behavior at any temperature.
Fewer ttx-1(p767) mutants exhibited athermotactic be- quired for AFD neuron function. ttx-1 mutants were wild
type for all other sensory behaviors examined (data nothavior, a phenotype seen in some AFD-killed animals
(Mori and Ohshima, 1995). It is possible that in ttx-1 shown).
mutants, the adoption of partial AWC fate by the AFD
neurons results in altered regulation of the thermosen- TTX-1 and TTX-3 Specify the Thermoregulatory
Functions of Neuronal Components Drivingsory circuit. We also examined the thermotaxis behavior
of ttx-1(p767); ceh-14(ch3) double mutants. Although Thermophilic Behavior
The LIM-homeobox genes ttx-3 and lin-11 have beenmutations in ceh-14 do not affect AFD-specific gene
expression, ceh-14(ch3) mutants exhibit weak athermo- shown to be required for the thermoregulatory functions
of the AIY and AIZ interneuronal components of thetactic behavior (Cassata et al., 2000) (Figure 4D). The
ttx-1 Specifies Thermosensory Neuron Fate
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1992; Thomas et al., 1993; Gottlieb and Ruvkun, 1994;Table 3. The AFD Neurons Partially Adopt AWC Fate in ttx-1 (p767)
Mutants Riddle and Albert, 1997).
Temperature is a major modulator of both dauer for-% with Ectopic
mation and recovery. Within the temperature range ofExpression in at
15C–25C, dauer pheromone is the primary trigger forStraina Least one AFD Neuronb n
dauer formation, with increasing temperatures increas-str-2::GFP 0 122
ing dauer formation in the presence of a constant amountstr-2::GFP; ttx-1(p767) 62 169
of pheromone (Golden and Riddle, 1984a, 1984b). ttx-1odr-3::GFP 0 112
odr-3::GFP; ttx-1(p767) 9c 114 mutants have previously been shown to be hypersensi-
tive to dauer pheromone (Golden and Riddle, 1984b;a All strains contain rol-9(sc148).
Ailion and Thomas, 2000), suggesting that the AFD neu-b L2 animals were examined at 25C. AFD neurons were identified
on the basis of relative cell body position. rons regulate temperature input into the dauer pathway.
c Expression of GFP was weaker as compared with odr-3::GFP ex- ttx-3 mutations have been shown to decouple tempera-
pression in the AWC neurons in wild-type animals. ture input and dauer recovery, and it has been proposed
The expression of stably integrated marker::GFP fusion genes was that ttx-3 mediates temperature input into the dauer
examined in all cases.
process via temperature-mediated regulation of insulin
signaling (Hobert et al., 1997). However, additional ther-
mosensory pathways are also likely to regulate dauer
formation (Ailion and Thomas, 2000).thermosensory circuit respectively (Hobert et al., 1997,
To investigate the role of ttx-1 in dauer formation in1998) (Figure 4C). ttx-3 mutants are cryophilic, whereas
greater detail, we examined the effect of ttx-1(p767) onlin-11 mutants have been shown to be thermophilic
dauer formation and recovery of animals mutant in the(Hobert et al., 1997, 1998; Cassata et al., 2000). To genet-
insulin receptor and TGF-	 ligand genes daf-2 and daf-7,ically define the thermosensory circuit, we examined
respectively. daf-2 and daf-7 mutants exhibit a dauer-the thermosensory behaviors of double mutants among
constitutive or daf-c phenotype, where they form dauersttx-1, ttx-3, and lin-11. In all cases, we used putative
inappropriately under nonadverse conditions. As shownnull alleles (ttx-3 and lin-11) or the strongest available
in Figure 5A, we found that at 25C, ttx-1; daf-7 doubleallele (ttx-1). As shown in Figure 4D, ttx-1; ttx-3 double
mutants formed dauers similarly to daf-7 single mutants.mutants, similar to ttx-3 single mutants, are strongly
However, we observed strong effects of ttx-1 on dauercryophilic, confirming that AFD signals primarily via the
recovery. Only 7% of daf-7; ttx-1 double mutants, asAIY interneurons to regulate upward movement in a ther-
compared with 65% of daf-7 single mutants, remainedmal gradient. However, in our hands, lin-11 null mutants
arrested in the dauer stage after 72 hr at 25C (Figure 5B),were only weakly thermophilic, with the majority of ani-
whereas the remaining animals recovered and resumedmals exhibiting wild-type behavior (Figure 4D), sug-
normal growth. ttx-1 mutations had no effect on dauergesting that unlike ttx-1 and ttx-3, lin-11 does not specify
formation or recovery at lower temperatures of 15Call thermoregulatory functions of the AIZ interneurons.
(data not shown). These results differ from those ob-Consistent with this, lin-11; ttx-1 double-mutant animals
served with ttx-3 mutants because mutations in ttx-3exhibit only weak athermotactic behavior, with most ani-
decouple temperature inputs into the dauer pathway atmals remaining strongly cryophilic (Figure 4D), indicating
both 25C and 15C (Hobert et al., 1997). Interestingly,a severe disruption of only the upward, but not the down-
ttx-1 mutations appeared to delay development andward, arm of the thermosensory circuit. tax-4 and tax-2
dauer formation in daf-2 mutants. After 48 hr at 25C,encode the  and 	 subunits of a cyclic nucleotide-gated
whereas 100% of daf-2 mutants form dauers, only23%channel required for thermosensation (Coburn and Barg-
of daf-2; ttx-1 double mutants form dauers, with themann, 1996; Komatsu et al., 1996). Unlike ttx-1 mutants,
remainder of the animals in an L2-like developmentaltax-2 and tax-4 mutants are athermotactic, suggesting
stage (Figure 5A). However, after 72 hr, nearly 73% ofthat TAX-2/4 functions in additional unidentified sensory
daf-2; ttx-1 double mutants form dauers that do notneuron(s) that mediate cryophilic sensory responses
recover (Figure 5B). Thus, mutations in the AFD-medi-(Mori and Ohshima, 1995). As shown in Figure 4D, tax-2;
ated thermosensory circuit deregulate temperature in-ttx-1 and tax-4; ttx-1 double mutants are also athermotac-
put into the dauer neuroendocrine process, likely bytic. Thus, our results confirm the identification of the com-
decoupling temperature input and regulation of insulinponents of the thermosensory circuit that mediate ther-
signaling.mophilic behavior, as defined by laser-killing experiments.
Misexpression of ttx-1 Is Sufficient to Confer
AFD-like Fate onto a Subset of Ciliated NeuronsMutations in ttx-1 Affect a Temperature-
Regulated Neuroendocrine Process To determine whether ttx-1 is sufficient for AFD fate
specification, we misexpressed ttx-1 using the osm-6,Under adverse conditions such as overcrowding, scar-
city of food, or high temperatures, C. elegans enters str-1, and odr-10 promoters in animals carrying stably
integrated gcy-8::GFP fusion genes. The osm-6 promoterinto the alternative dauer developmental state (Golden
and Riddle, 1984a; Riddle and Albert, 1997). Exit from drives expression in most ciliated neurons in C. elegans
(Collet et al., 1998), whereas the str-1 and odr-10 pro-this state and resumption of normal reproductive growth
is also regulated by sensory cues that regulate the pro- moters drive expression specifically in the AWB and
AWA olfactory neurons, respectively (Sengupta et al.,duction of neuroendocrine signals such as TGF-	 and
insulin. The TGF-	 and insulin pathways function in par- 1996; Troemel et al., 1997). We found that gcy-8::GFP
was expressed ectopically in animals misexpressingallel to regulate the dauer process (Vowels and Thomas,
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AWA neurons. In the lumbar ganglia, ectopic expression
was observed frequently in the PHB sensory neurons.
A stably integrated nhr-38::GFP fusion gene was also
ectopically expressed in animals misexpressing ttx-1,
approximately to the same extent as gcy-8::GFP (data
not shown). Thus, misexpression of ttx-1 is sufficient
to confer AFD-specific gene expression onto several,
although not all, ciliated neuron types.
We next examined the morphology of the sensory
endings of the misexpressing neurons. Interestingly, we
found that most misexpressing cells had sensory end-
ings similar to those of the AFD neurons, with elaborate
finger-like structures (Figure 6B). This transformation
was especially evident in the tail. As shown in Figure
6C, the PHB sensory neurons normally have a single
ciliary sensory ending. However, upon misexpression of
ttx-1, the endings adopted the complex morphology of
the AFD neurons (Figure 6D).
To examine the behavioral consequences of misex-
pression of thermosensory neuron characteristics, we
examined the thermotaxis behaviors of animals ex-
pressing osm-6::ttx-1. As shown in Figure 7A, we found
that an average of 58% of wild-type animals misexpress-
ing ttx-1 showed abnormal cryophilic, thermophilic, or
athermotactic thermosensory behaviors (two indepen-
dent lines), as compared with 23% of wild-type animals.
The AIY and AIZ interneurons are also the postsynaptic
partners of additional ciliated sensory neurons (White et
al., 1986). It is possible that expression of thermosensory
properties in these ciliated neurons results in inappropri-
ate thermosensory inputs into the AIY-AIZ-regulated
Figure 5. Mutations in ttx-1 Deregulate Temperature Input into the thermotactic motor circuit.
Dauer Pathway To determine whether adoption of AFD-specific char-
(A) Mutations in ttx-1 weakly affect dauer formation. Shown is the acteristics corresponds with a loss of neuron-specific
percentage of dauer animals of the indicated genotypes formed functions, we examined additional sensory behaviors of
after 48 hr at 25.5C. More than 100 animals were counted for each osm-6::ttx-1 expressing transgenic animals. Although
genotype. Numbers shown are from a single experiment with all
overall chemosensory behaviors were not significantlystrains assayed in parallel. Experiments were repeated a minimum
altered in these animals (data not shown), we found thatof five times on independent days and showed similar relative differ-
osm-6::ttx-1 exhibited a strong daf-c phenotype (Figureences. #—Although only 23% of daf-2; ttx-1; oyIs18 animals
formed dauers after 48 hr, this does not reflect a dauer formation 7B). This could result from the expression of AFD-spe-
defect. These animals were developmentally delayed such that the cific characteristics in the ASI and ADF neurons (see
remainder of the animals were at an L2-like developmental stage, above) and the consequent loss of neuron-specific
unlike oyIs18 or ttx-1; oyIs18 animals, which were L4s or young functions. Animals lacking ASI and ADF neuron function
adults. Alleles used were ttx-1(p767), daf-7(e1372), and daf-
have been shown to be daf-c (Bargmann and Horvitz,2(e1370).
1991; Schackwitz et al., 1996). Alternatively, the daf-c(B) Mutations in ttx-1 strongly affect dauer recovery of daf-7 mu-
phenotype could result from overexpression of ttx-1 intants. Shown is the percentage of dauer animals after 72 hr at 25.5C.
More than 100 animals of each genotype were counted. Numbers the AFD neurons and altered temperature regulation of
shown are from a single experiment with all strains assayed in paral- neuroendocrine signaling. However, overexpression of
lel. Experiments were repeated a minimum of seven times on inde- a GFP-tagged, full-length ttx-1 fusion gene did not result
pendent days and showed similar relative differences. The recovery in altered dauer formation (Figure 7B), suggesting that
of daf-7; oyIs18 animals was variable, although consistently signifi-
the daf-c phenotype of osm-6::ttx-1 misexpressing ani-cantly less than that of daf-7; ttx-1; oyIs18 animals. #—After 72 hr,
mals could result in part from defects in ASI and/or ADFa larger number of daf-2; ttx-1; oyIs18 animals form dauers, with
neuron function. Six pairs of chemosensory neurons inthe remaining animals at younger stages. These dauers failed to
recover even after 5 days. the head including the ASI neurons (but not the AFD
neurons) fill with the lipophilic dye DiI (Perkins et al.,
1986; Starich et al., 1995). If misexpression of ttx-1 re-
ttx-1 under the osm-6, but not the str-1 or odr-10, pro- sults in conversion of the ASI neurons to AFD fate, then
moters. In animals transgenic for the osm-6::ttx-1 fusion the ASI neurons should fail to fill with DiI in osm-6::ttx-
gene, we observed gcy-8::GFP expression in several 1-expressing transgenic animals. We found that, al-
ciliated neurons in the anterior, lateral, and lumbar gan- though 94% of wild-type animals showed DiI filling in
glia (Figures 6A and 6B). In the lateral ganglia, ectopic at least one ASI neuron (n  71), only 10% and 20%
gcy-8::GFP expression was observed most frequently of transgenic animals, respectively, from the two osm-
in the ASI chemosensory neurons, with occasional ex- 6::ttx-1 misexpressing lines showed filling in at least one
ASI neuron (n50 for each line). In contrast, ASI neuronspression in additional cells including the ASJ, ADF, and
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Figure 6. Misexpression of ttx-1 Is Sufficient
to Confer AFD-Specific Characteristics on
Other Ciliated Neurons
(A and B) Expression of a stably integrated
gcy-8::GFP fusion gene in a wild-type animal
(A) and in an animal misexpressing ttx-1
driven by the osm-6 promoter from an extra-
chromosomal array (B, lateral view). Note
GFP expression in multiple cells in (B) and
conversion of sensory endings to those re-
sembling AFD.
(C) Expression of an osm-10::GFP fusion
gene in the PHB neuron of the phasmid in a
wild-type animal (Hart et al., 1999). Note the
single cilium of the PHB neuron.
(D) Expression of gcy-8::GFP in the PHB neu-
ron of an animal misexpressing ttx-1 driven
by the osm-6 promoter. Note the presence of
microvilli, similar to those of the AFD neurons.
Anterior is at left in all images. Scale bar:
10 m.
in nontransgenic animals from the same line showed metazoan phyla. Otx orthologs have been identified in
organisms ranging from the cnidarian Hydra vulgaris toconsistent DiI filling. Taken together, our results indicate
that misexpression of ttx-1 confers thermosensory neu- chordates (Klein and Li, 1999). Otx genes are expressed
in the anterior regions of most animals with an anterior-ron-specific properties onto a subset of ciliated neurons.
posterior body axis and are required for their patterning
(Simeone, 1998; Hirth and Reichert, 1999; Klein and Li,Discussion
1999; Acampora et al., 2000). Specifically, Otx genes
have been implicated in the patterning and developmentThe Functions of Members of the otd/Otx Gene
Family Are Conserved of anterior brain structures (Simeone, 1998; Hirth and
Reichert, 1999; Acampora et al., 2000). We have nowThe otd/Otx family of homeobox genes shows remark-
able conservation of both sequence and function across shown that ttx-1, a homolog of otd/Otx in C. elegans, is
Figure 7. Misexpression of ttx-1 Results in Altered Thermosensory Behaviors and Dauer Formation
(A) Thermosensory behaviors of wild-type and transgenic animals carrying osm-6::ttx-1 on an extrachromosomal array. The thermosensory
behaviors of transgenic animals from two independently generated lines are shown. The behavior of animals from a third line was indistinguish-
able from that of wild-type animals (not shown). All animals were raised at 20C in the presence of food. Numbers shown are from a total of
three independent assays.
(B) osm-6::ttx-1 misexpressing animals show altered dauer formation. Shown is the percentage of dauers among wild-type or transgenic
animals from the two lines examined in (A) above, after 72 hr at 25.5C. No dauer animals were observed after 48 hr at this temperature,
suggesting a delayed growth of these animals. No dauers were observed among nontransgenic animals or in a transgenic line carrying the
coinjection marker and an unrelated construct. More than 80 animals were counted for each genotype. Numbers shown are from a single
experiment with all animals examined in parallel; experiments performed a minimum of five independent times showed similar relative
differences.
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also expressed in the anterior region and is required for The Thermosensory Circuit
The food-associated thermotaxis behavior of C. elegansthe development of a sensory cell type.
is regulated by the thermosensory circuit. This circuitInterestingly, similar to ttx-1, Otx genes have been
consists of two counterbalancing drives that promoteimplicated in the development of sensory structures in
movement either upward or downward in a thermal gra-several metazoan species. Most intriguing is the conser-
dient. Crosstalk between these two opposing pathwaysvation of specialized function between the Otx-related
results in the correct choice of the preferred temperaturegene Crx in vertebrates and that of ttx-1. CRX has been
(Mori and Ohshima, 1995). Similarly, in the hypothala-implicated in the differentiation of the vertebrate photo-
mus, the anterior and the posterior areas regulate de-receptors (Freund et al., 1997; Furukawa et al., 1997,
creases or increases in body temperature, respectively1999; Swain et al., 1997; Sohocki et al., 1998) and shares
(Kupfermann et al., 2000).76% identity in its homeodomain with TTX-1. Both ttx-1
Removal of both branches of the thermosensory cir-and Crx are expressed relatively specifically in sensory
cuit by ablation of the AFD and AIZ neurons resultscells (AFD thermosensory neurons, and photoreceptors
in athermotactic behavior (Mori and Ohshima, 1995).and pineal glands, respectively) during development and
However, a lin-11; ceh-14 ttx-3 triple mutant that hasare required for their functions (this work; Hedgecock and
been suggested to also abolish the functions of the AFD-Russell, 1975; Mori and Ohshima, 1995; Furukawa et al.,
AIY-AIZ circuit shows cryophilic behavior (Cassata et1997, 1999). In addition to Crx, mouse Otx1 has been
al., 2000). This apparent contradictory result has ledshown to be required for the development of the ciliary
to the proposal of an additional underlying cryophilicstructures of the eye and the semicircular canals of
circuit, whose function is revealed only in the absencethe ear (Acampora et al., 1996, 2000). In Drosophila,
of the AFD-AIY-AIZ circuit (Cassata et al., 2000). A basichypomorphic alleles of otd affect the development of
assumption of this model is that mutations in lin-11,the ocelli, rudimentary light-sensing structures located
ceh-14, and ttx-3 completely abolish all thermoregula-on the head, and photoreceptors (Finkelstein and Perri-
tory functions of AIZ, AFD, and AIY neurons, respec-mon, 1990; Royet and Finkelstein, 1995; Vandendries et
tively. Mutations in ttx-1 as well as in ttx-3 result inal., 1996). Thus, several members of the Otx gene family
strong cryophilic behavior, similar to that of animals in
have been implicated in the development of sensory
which either the AFD or AIY neurons have been killed
structures and specifically of photosensory cell types.
(this work; Mori and Ohshima, 1995; Hobert et al., 1997).
Thus, it is likely that most, if not all, thermoregulatory
functions of the AFD neurons in ttx-1 mutants and AIY
Conservation of Developmental Regulatory
neurons in ttx-3 mutants are abolished. However, muta-
Mechanisms between the Thermosensory Circuit tions in lin-11 only partly affect AIZ thermoregulatory
of C. elegans and the Vertebrate Visual Circuit function (this work; Hobert et al., 1998). Consistent with
Interestingly, while the related genes ttx-1 and Crx have this, lin-11; ttx-1 double mutants continue to exhibit
been shown to be required for the differentiation of the strong cryophilic behavior. Similarly, mutations in ceh-14
AFD thermosensory and the vertebrate photoreceptor may only partly affect the thermosensory functions of
cells in the retina respectively, another orthologous gene the AFD neurons (Cassata et al., 2000; this work). On
pair has been shown to be required for the development the basis of these results, we suggest that the observed
and differentiation of their primary postsynaptic partners. cryophilic behavior of the lin-11; ceh-14 ttx-3 triple mu-
In the vertebrate retina, the paired-type homeobox gene tant results from a strong loss of function of only the
Chx10/Vsx-1 has been implicated in the development thermophilic arm, but not the cryophilic arm, of the cir-
of the bipolar cells, a major class of interneurons in the cuit and that the AFD-AIY-AIZ circuit is likely the major
inner nuclear layer (Levine et al., 1994; Liu et al., 1994; circuit mediating the examined thermotaxis behavior in
Burmeister et al., 1996; Barabino et al., 1997; Chen and C. elegans.
Cepko, 2000). In C. elegans, ceh-10, the ortholog of
Chx10, is required for the differentiation of the AIY in- Mutations in ttx-1 May Reset the Internal
terneurons, the major postsynaptic partner of the AFD Preferred or Selected Temperature
neurons (Svendsen and McGhee, 1995; Forrester et al., A key feature of thermoregulation in endotherms is the
1998; Altun-Gultekin et al., 2001). Photoresponses have maintenance of internal temperature homeostasis by the
been described for C. elegans (Burr, 1985), although the hypothalamus (Bligh, 1973; Hensel, 1973). Ectotherms
cellular bases for these responses are unknown, and may also maintain an internal body temperature (the
these responses have not been genetically character- preferred or selected temperature), primarily through
ized. It has been proposed previously that the conserva- behavioral modifications (Crawshaw, 1980; Crawford,
tion of expression patterns and function between ceh-10 1982). In ttx-1 mutants, the arm of the circuit mediating
and Chx10 may suggest a common evolutionary history responses to cold temperature is intact, whereas the
between the thermosensory circuit and the photosen- arm mediating sensation of warm temperatures is af-
sory circuit (Svendsen and McGhee, 1995). Results in fected. It is possible that when ttx-1 mutants are grown
this paper further extend this hypothesis. Alternatively, at a given temperature in the presence of food, the
this conservation of regulatory mechanisms between absence of signals from the AFD-AIY arm of the circuit
the thermosensory and photosensory circuits may rep- results in resetting the animal’s food-associated pre-
resent an example of a developmental genetic pathway ferred temperature to a lower value. Thus, upon being
recruited independently to perform multiple tasks in dif- challenged with a thermal gradient, ttx-1 mutants move
to lower temperatures and are therefore cryophilic.ferent developmental contexts.
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duced gcy-8::GFP expression using a Leica MZ12 dissection micro-Because several temperature-regulated processes
scope equipped with epifluorescence. oy26 and oy29 alleles wereare normal in ttx-1 mutants (Ailion and Thomas, 2000),
backcrossed a total of three times prior to analysis for gene expres-multiple thermosensory circuits must function to sense
sion phenotypes and a total of six times prior to behavioral analysis.
temperature and to relay them to different behavioral, The p767, oy26, and oy29 alleles fail to complement each other for
developmental, and endocrine circuits. Under the condi- the defect in AFD-specific gene expression phenotype.
tions examined, entry into the dauer stage is only weakly ttx-1 was mapped to the unc-51-rol-9 interval on LG V using
standard three-factor crosses and mapping with respect to deficien-affected in ttx-1 mutants, whereas exit is severely af-
cies. The presence of ttx-1 mutations was followed by reducedfected (this work; Ailion and Thomas, 2000). The sensory
expression of gcy-8::GFP in all mapping experiments. To fine mapneurons and pathways regulating entry and exit from
ttx-1, single nucleotide polymorphisms (SNPs) in the unc-51-rol-9
the dauer stage are distinct (Bargmann and Horvitz, interval were identified between the Bristol N2 and the CB4856 strain
1991; Schackwitz et al., 1996; Tissenbaum et al., 2000), essentially as described (Jakubowski and Kornfeld, 1999). CB4856
and their outputs are likely regulated by distinct sources males were crossed to unc-51 ttx-1 rol-9; oyIs18 hermaphrodites,
and Rol non Unc recombinant progeny were isolated. Recombinantof sensory inputs. Recovery from (but not entry into)
progeny were then scored for the presence or absence of the ttx-1the dauer stage may involve cholinergic signaling via a
mutation and each SNP. The primers and sequence alterations thatmuscarinic acetylcholine pathway (Tissenbaum et al.,
correspond to these SNPs have been deposited in Wormbase2000). It has been proposed that temperature inputs via
(http://www.wormbase.org/).
the AFD-AIY-AIZ circuit promote acetylcholine release A 14 kb PCR product containing 3 kb of promoter sequences, all
from unknown neurons, which in turn promotes insulin ttx-1 exons, and 1 kb of 3 flanking sequences was subcloned
signaling and consequent recovery from the dauer stage into the TOPO2.1 vector (Invitrogen) and found to rescue the gcy-
8::GFP expression and thermosensory behavioral defects in three(Tissenbaum et al., 2000). This is analogous to the hypo-
of three independent lines. To identify the molecular lesions in thethalamus-mediated temperature control of metabolic
ttx-1 alleles, the genomic coding sequence of ttx-1 was amplifiedrate. Although daf-7; ttx-1 and daf-7; ttx-3 mutants enter
from p767, oy26, and oy29 mutants. Three independent PCR reac-
the dauer stage (this work; Hobert et al., 1997), the reset- tions were combined and the products directly sequenced. Because
ting of the preferred or selected temperature to lower we did not detect a molecular lesion in the oy29 allele, it is formally
values may result in the inappropriate production of possible that this allele defines a nonallelic noncomplementing
locus.high levels of acetylcholine and the consequent insulin
signaling, resulting in rapid recovery. Consistent with
Characterization of ttx-1 cDNAsthis hypothesis, neither daf-2; ttx-1 nor daf-2; ttx-3 dou-
Four EST clones (yk345e3, yk51g10, yk600c12, and yk74e5) corre-ble mutants recover at high temperatures (this work; O.
sponding to the ttx-1 locus were obtained from Yuji Kohara andHobert, personal communication), confirming that insu-
sequenced to determine the primary structure of the ttx-1 cDNA. In
lin signaling, but not TGF-	 signaling, is crucial for dauer all cases, we found that exon 8 is 94 bp longer than predicted,
recovery (Tissenbaum et al., 2000). Taken together, the resulting in an alteration of the reading frame of exon 9. Two alterna-
AFD-regulated thermosensory circuit appears to act simi- tively spliced forms were identified. yk345e3 lacks the fourth exon
(GenBank accession no. AF381627), whereas yk51g10 and yk74e5larly to the hypothalamus in regulating both motor be-
contain the fourth exon. For expression experiments, a modifiedhavior and endocrine signaling in response to tempera-
yk345e3 cDNA was used, which contains an additional 24 bases atture cues. Few molecules involved in thermosensation
the 5 end, including the predicted ATG start codon.
have been identified. A major goal for the future is the
identification of downstream targets of TTX-1 because Identification of Transcripts in ttx-1(p767)
a subset of these is expected to be genes directly in- RT-PCR was performed using the 5 RACE System (GIBCO-BRL).
volved in thermosensation. First-strand synthesis on 5 g of total RNA from wild-type animals
was performed using a primer specific for sequences in exon 7 of
Experimental Procedures ttx-1. ttx-1-specific sequences were then amplified using primers
corresponding to sequences in exon 1 and exon 7 of ttx-1. PCR
Strains products were cloned into the TOPO2.1 vector, and several indepen-
Worms were grown using standard methods (Brenner, 1974). Strains dent isolates were sequenced.
were obtained from the Caenorhabditis Genetics Center unless
noted otherwise. ttx-3(mg158) was provided by O. Hobert. Strains Expression Constructs and Generation
carrying stably integrated fusion genes were provided as indicated: of Transgenic Animals
mgIs18 (ttx-3::GFP) (Altun-Gultekin et al., 2001); kyIs111 (tax-2::GFP), The following were obtained from the indicated sources: osm-6
kyIs104 (str-1::GFP), and kyIs140 (str-2::GFP) (C. Bargmann) (Coburn promoter (P. Swoboda) (Collet et al., 1998), rat Otx1 cDNA (S.
and Bargmann, 1996; Troemel et al., 1997, 1999); oyIs7 (odr-3::GFP)
McConnell), and mouse Crx cDNA (C. Cepko).
(T. Sarafi-Reinach) (Roayaie et al., 1998); chIs513 (ceh-14::GFP)
To generate ttx-1 expression constructs, 3 kb of promoter se-
(Cassata et al., 2000); and nuIs11 (osm-10::GFP) (Hart et al., 1999).
quences and sequences encoding either the first 13 residues (ttx-Strains carrying stably integrated gcy-8::GFP (Yu et al., 1997) and
1Exon-1::GFP) or 89 residues (ttx-1Exon4::GFP) were amplified bynhr-38::GFP (Miyabayashi et al., 1999) fusion genes, together with
PCR from genomic DNA and fused in frame to GFP. ttx-1::GFPtaglin-15() (Huang and Erikson, 1994) as a coinjection marker, were
was generated by amplifying 3 kb of promoter sequences and allgenerated by treating animals carrying extrachromosomal arrays
genomic sequences of ttx-1 and fusing in frame to GFP just priorwith UV/psoralen. The following integrated strains were isolated:
to the STOP codon. To generate ttx-1, Crx, or Otx1 expressionoyIs15 (nhr-38::GFP), oyIs17 (gcy-8::GFP), and oyIs18 (gcy-8::GFP).
constructs, cDNAs were amplified, sequenced, and fused in frameStrains were mapped and outcrossed a total of six times prior to
to ttx-1Exon1 sequences. The amplified Crx cDNA contains a singlecharacterization. Double-mutant strains were constructed using
silent base change. ttx-1 misexpression constructs were generatedstandard methods and confirmed by complementation tests or by
by fusing the osm-6, odr-10, or str-1 promoters in frame to a ttx-1sequencing. Details of double-mutant strain construction are avail-
cDNA (see above).able upon request.
Germline Transformations and MicroscopyIsolation, Mapping, and Cloning of ttx-1
Germline transformations were carried out using standard protocolsoyIs17 animals were mutagenized with EMS using standard proto-
cols. F2 progeny of mutagenized animals were examined for re- (Mello and Fire, 1995). Coinjection markers used were ofm-1::GFP
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(Miyabayashi et al., 1999) at 30 ng/l, pJM23 (Huang and Erikson, Acampora, D., Mazan, S., Lallemand, Y., Avantaggiato, V., Maury,
M., Simeone, A., and Brulet, P. (1995). Forebrain and midbrain re-1994) at 50 ng/l, and pRF4 rol-1(su1006) at 100 ng/l. All plasmids
were injected at 7.5–30 ng/l. gions are deleted in Otx2-/- mutants due to a defective anterior
neuroectoderm specification during gastrulation. Development 121,All microscopy was carried out as previously described (Sarafi-
Reinach and Sengupta, 2000). 3279–3290.
Ailion, M., and Thomas, J.H. (2000). Dauer formation induced by high
RNA Interference temperatures in Caenorhabditis elegans. Genetics 156, 1047–1067.
PCR fragments of unc-22 and ttx-1 cDNAs were used as templates Altun-Gultekin, Z., Andachi, Y., Tsalik, E.L., Pilgrim, D., Kohara, Y., and
to synthesize RNA using Megascript T7 (Ambion). dsRNA was in- Hobert, O. (2001). A regulatory cascade of three homeobox genes,
jected into hermphrodite gonads at 2 mg/ml. Single-injected animals ceh-10, ttx-3, and ceh-23 controls cell fate specification of a defined
were allowed to lay eggs and were transferred every 4–12 hr postin- interneuron class in C. elegans. Development 128, 1951–1969.
jection for 31 hr. Progeny were observed at all stages for a visual
Barabino, S.M., Spada, F., Cotelli, F., and Boncinelli, E. (1997). Inacti-phenotype, and the total brood size of each injected animal was
vation of the zebrafish homologue of Chx10 by antisense oligonucle-counted. For unc-22(RNAi), 97% of the progeny of injected animals
otides causes eye malformations similar to the ocular retardationexhibited a twitcher phenotype (Fire et al., 1998) (n  500; five
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